Despite broad consensus on Africa as the main place of origin for anatomically modern humans, their dispersal pattern out of the continent continues to be intensely debated. In extant human populations, the observation of decreasing genetic and phenotypic diversity at increasing distances from sub-Saharan Africa has been interpreted as evidence for a single dispersal, accompanied by a series of founder effects. In such a scenario, modern human genetic and phenotypic variation was primarily generated through successive population bottlenecks and drift during a rapid worldwide expansion out of Africa in the Late Pleistocene. However, recent genetic studies, as well as accumulating archaeological and paleoanthropological evidence, challenge this parsimonious model. They suggest instead a "southern route" dispersal into Asia as early as the late Middle Pleistocene, followed by a separate dispersal into northern Eurasia. Here we test these competing out-of-Africa scenarios by modeling hypothetical geographical migration routes and assessing their correlation with neutral population differentiation, as measured by genetic polymorphisms and cranial shape variables of modern human populations from Africa and Asia. We show that both lines of evidence support a multiple-dispersals model in which Australo-Melanesian populations are relatively isolated descendants of an early dispersal, whereas other Asian populations are descended from, or highly admixed with, members of a subsequent migration event.
modern human origins | human evolution | genome diversity | cranial diversity | SNPs P aleontological and genetic data indicate a common ancestral population of modern humans residing in Africa between ∼100-200 ka (1) (2) (3) (4) . The timing and pattern of the modern human African diaspora continues to be strongly debated. Competing hypotheses center on either a single Late Pleistocene dispersal into Eurasia between ∼50-75 ka or multiple dispersals beginning as early as the Middle Pleistocene ∼130 ka (5) (6) (7) (8) . The observed pattern of decreasing genetic (9, 10) and cranial (11) diversity at increasing distances from sub-Saharan Africa has been interpreted as evidence for a single dispersal, characterized by a series of founder effects during global expansion. In its simplest form, a single dispersal scenario follows a series of founder events in an eastward expansion (EE) model that conforms to terrestrial routes mostly along a latitudinal axis across Asia (10, 12) .
Another interpretation consistent with decreasing biological diversity from Africa is to consider multiple dispersals (MD) out of the continent. In an MD model, an initial dispersal between ∼50-100 ka occurs primarily along a coastal route through the southern Arabian Peninsula and is followed by a second dispersal through the Levant at ∼50 ka and into northern Eurasia (13, 14) . This model proposes that extant, isolated populations in Asia could retain the biological signal of the initial, "southern route" dispersal. Such hypothetical, "relic" populations could include Australians, Melanesians, Papuans, Dravidian speakers of South Asia, and short-statured "Negrito" populations of Southeast Asia. A recent genetic study proposed that living Australians are direct descendants of the southern route dispersal, whereas Papuans, Melanesians, and Philippine Aeta "Negrito" populations also retain a signal of the southern route, but one that is obscured owing to admixture with members of the second dispersal (8) . In this model of multiple dispersals with isolation (MDI), a southern route dispersal out of Africa commences between ∼62-75 ka and is followed by a second dispersal between ∼25-38 ka. An alternative chronology for the MDI model posits a southern route dispersal as early as the late Middle Pleistocene ∼130 ka (MDI-MP), rather than the Late Pleistocene (MDI-LP), and is based primarily on archaeological evidence in the Arabian Peninsula (6, 15) .
Growing consensus on the southern route dispersal has been strengthened by the study of SNPs in hypothetical relic populations (8, (16) (17) (18) . However, whether this reflects evidence of multiple dispersals from Africa continues to be debated (8, 16) . A reconciling view, therefore, has been that a single dispersal from Africa might have taken place in the Late Pleistocene ∼75 ka, followed by divergence into separate migration waves outside the continent, likely in Southwest Asia (7) . Like the MD and MDI models, migration into Southeast Asia is via a "beachcomber"
Significance
Current consensus indicates that modern humans originated from an ancestral African population between ∼100-200 ka. The ensuing dispersal pattern is controversial, yet has important implications for the demographic history and genetic/ phenotypic structure of extant human populations. We test for the first time to our knowledge the spatiotemporal dimensions of competing out-of-Africa dispersal models, analyzing in parallel genomic and craniometric data. Our results support an initial dispersal into Asia by a southern route beginning as early as ∼130 ka and a later dispersal into northern Eurasia by ∼50 ka. Our findings indicate that African Pleistocene population structure may account for observed plesiomorphic genetic/phenotypic patterns in extant Australians and Melanesians. They point to an earlier out-of-Africa dispersal than previously hypothesized.
single dispersal (BSD) route along the coast. Unlike the EE model, the BSD model implies substantial migration along a longitudinal axis in East Asia.
Because temporal and spatial dimensions are explicit in these competing out-of-Africa models, distinguishing them can be achieved by assessing the correlation of predicted spatial and temporal distances and observed neutral biological distances between modern human populations. Such a biogeographical approach accounts for the primary drivers of recent human evolution: migration, mutation, and drift. We used this test for 10 populations sampled from Africa and Asia using genetic and cranial phenotype data (Table 1) . We limited our phenotype analyses to the temporal bone, because it has been shown to conserve modern human population history at higher fidelity than other parts of the cranium, from an early ontogenetic stage, and in a largely neutral manner (19, 20) . For both lines of evidence we used the same quantitative evolutionary framework to assess biological distances between our sampled populations (21) .
Results
We used two analytical approaches in determining the fit between interpopulation biological differentiation and the out-ofAfrica dispersal models. First, we used partial Mantel tests (22, 23) to determine the correlation of population differentiation and geographical distances between populations along hypothetical dispersal routes, controlling for population divergence times in each case. Second, we considered the temporal information contained within each of the competing out-of-Africa models to validate our partial Mantel results and, in the case of the MDI model, distinguish the chronology of the southern route dispersal, commencing either in the late Middle Pleistocene (MDI-MP) or in the Late Pleistocene (MDI-LP).
In our first analysis, genetic distances, F st , and cranial phenotypic distances, P st , between populations were calculated using SNP data and 3D anatomical landmark data, respectively ( Table  2 ). Geographical distances, G, were calculated as geodesic distances between populations along hypothetical dispersal routes (Fig. 1) . Temporal distances between populations were calculated from the genomic data, based on levels of linkage disequilibrium, to assess when population pairs diverged in time (Table S1 ). Independently for F st and P st , we assessed their pairwise correlation with G while holding divergence time, T, constant. This approach has the effect of controlling for drift owing to the fact that populations separated at distinct points in time and space. Therefore, the partial Mantel test results indicate which out-of-Africa model best explains population differentiation when considering both spatial and temporal dimensions. The MDI model best explained both genetic (F st ) and phenotypic (P st ) differentiation (Table 3 ). In fact, for the phenotype dataset, only the MDI model test results were statistically significant. In the case of the genetic dataset, the control and MDI models were significant after Bonferroni correction for multiple model tests, although the MDI correlation coefficient was almost twice as large as that of the control model. A Dow-Cheverud test (22, 24) indeed differentiates MDI as a better model against the control (r = 0.588, P ≤ 0.0001).
In our second analysis, we generated hypothetical divergence values, C, between populations, based on the chronology of dispersal for each model (Table 4) . In contrast to our estimates of population divergence from the genomic data, the model chronology dates reflect estimates of modern human colonization within the geographical space of the populations we sampled. These dates contain inherent information about both time and space because they are primarily derived from archaeological, paleontological, and climatological records. Although this test is not explicit about dispersal routes, it serves to distinguish the out-of-Africa models based on the expected dates of colonization for a specific geographical region. Treating C as divergence values allowed us to exploit the relationship between population differentiation, divergence time, and effective population size, N e (25) . We calculated N e from the genomic data (Table S2 ) (26) and, using C, constructed hypothetical F st values to represent each out-of-Africa dispersal model. We then used a simple Mantel test to assess the fit between these hypothetical values and the empirical F st and P st values. We found that the MDI-MP model receives the best support (Table 5 ). Considering the Bonferroni correction for multiple model tests, results were only significant for the cranial phenotype dataset. Nevertheless, correlation and significance values were highest for the MDI-MP model in both biological datasets.
Discussion
The test of current competing out-of-Africa models shows unambiguous support for a multiple dispersals model in which Australians, Papuans, and Melanesians remain relatively isolated after an early dispersal from Africa via a southern route. Although some degree of Holocene admixture between our sampled Indian and Australian populations has been previously proposed (17) , our results are generally consistent with the view that extant Australians are descended from a relatively isolated lineage that first occupied that continent ∼50 ka (8) . They differ from previous findings in that our dispersal chronology test suggests an initial African dispersal closer to the Middle-Late Pleistocene boundary. This is consistent with archaeological evidence for modern human occupation in the southern Arabian Peninsula at ∼125 ka (6, 15) . This date is in intriguingly closer correspondence with the genetic divergence estimates for our sampled populations, with a calendar date of divergence between Melanesians and South Africans at ∼116 ka, for example (Table S1) . No modern human fossils have been discovered in the southern Arabian Peninsula, but lithic artifacts show affinities with African assemblages, including those discovered alongside the fossil remains at Herto, Ethiopia, dated between ∼154-160 ka (2, 27) . Importantly, the geological age of these specimens falls within the recent estimates for the common ancestor of all modern human populations (3, 4) . This implies that an initial dispersal occurred not long after modern human origins in Africa, rather than much later, as an EE or BSD model would predict. The environmental and geographical viability for the MDI-MP model has been confirmed with a recent synthesis of available MiddleLate Pleistocene climate proxy data for Africa (28) . Likewise, spatially explicit simulations developed from climate and microsatellite genetic data are in agreement with a southern route dispersal and earlier dates of Eurasian occupation than previously hypothesized (29) . Moreover, it has been proposed that severe East African droughts occurring between 135-75 ka may have prompted human population fragmentation and bottlenecks (30), also possibly resulting in dispersals out of the continent. The modern human fossil series of Qafzeh and Skhul from the Levant, dated between ∼90-120 ka, could therefore correspond to this initial dispersal. Although often considered to represent a short-lived extension of African ecosystems rather than evidence of a long-range dispersal into Eurasia (31), in comparative craniometric studies the Levantine series and other early modern humans from Africa have consistently closer affinity to recent Australians than to other modern human populations (2, (32) (33) (34) . Presently, clear evidence of modern human occupation eastward of the Arabian Peninsula during the early Late Pleistocene is lacking. Occupation of Australia is documented by the human paleontological record at ∼50 ka and in continental Southeast Asia at a maximum date of ∼63 ka (8, 35) . Specimens before this time period are fragmentary and taxonomically ambiguous but have, in some cases, been claimed to represent anatomically modern humans (6, 7, (35) (36) (37) . The MDI-MP model tested here suggests that whereas Southeast Asia may have been populated by modern humans, replacement of these descendants from subsequent migrants may obscure a southern route biological signal in extant populations of that region (6). Our dataset conforms to this hypothesis in that neither the genetic nor the cranial phenotype dataset from our sampled populations separate the Indo-European and Dravidian speakers from India, as might be expected if the latter where relic descendants of the southern route dispersal (Supporting Information, The "Negrito" Hypothesis). Instead, both Indian samples exhibit closer genetic and phenotypic affinity to the hypothetical second dispersal descendants (the Japanese, Aeta/Agta, and Central Asian populations). Sampling (Table 1) , connecting lines are dispersal routes, and arrows are geographical waypoints (Table S4 ). The eastward expansion (EE) model connects populations primarily along a latitudinal axis (10, 12) . The beachcomber single dispersal (BSD) model connects populations primarily along a coastal route (7) . The multiple dispersals model (MD) connects hypothetical relic populations along a southern route (dotted lines) and north Eurasians along a northern route (13) . The multiple dispersals with isolation (MDI) model assumes that only Australo-Melanesian populations retain a strong southern route biological signal (8) . For simplicity, a Holocene map outline is shown. Partial Mantel test of population distances (F st /P st ) and geodesic distances (G) for all dispersal models, while controlling for population divergence values (T). Values are Pearson correlation coefficient, r, rounded to the third digit and two-tailed probability, p, (in parentheses) after 10,000 permutations. Bold type indicates significance after Bonferroni correction (α = 0.01). *P st correlations after removal of outlier EA-NE value (Table 2) . of other isolated, relic populations will serve to further support this hypothesis (8, 18) .
Although the models tested do not explicitly account for archaic admixture, the continued validation of the southern route dispersal and support for the MDI-MP model have important implications for understanding the degree, timing, and location of such events. Presently, the favored explanation for genetic resemblance between Neanderthals and non-African modern human populations is a hypothetical admixture event in the Middle East (38) . Likewise, shared polymorphisms between Denisovans and certain relic descendants of a southern route dispersal are explained by admixture in Southeast Asia (16) . Identifying the presence of Neanderthal and Denisovan occupation along the southern route geographical space and within the Late Pleistocene temporal boundary is therefore crucial. The paleontological and archaeological records thus far remain elusive. An important consideration, therefore, is the persistence of population substructure in Africa (18, (38) (39) (40) (41) , which has been inferred from the human paleontological record (33, 34) and is concordant with climate fluctuations in the continent (28, 30) .
Population substructure implies that differential lineage assortment could be pronounced if populations in Africa remained spatially and temporally separated, affecting the subsequent diversity that is exported outside of the continent, as in an MDI-MP scenario. Genetically, polymorphisms within a parental population are randomly distributed into daughter lineages during speciation. In the recent human lineage, modern humans, Neanderthals, and Denisovans can be considered the daughter lineages of a common parental ancestor. Therefore, expression of shared genetic polymorphisms with Neanderthals and Denisovans in certain extant populations would be the consequence of biogeographical contingency and drift instead of, or in addition to, admixture with other hominins (18, (39) (40) (41) . In a similar vein, expression of a plesiomorphic skeletal phenotype in extant and extinct populations has been interpreted as evidence for admixture with, or "assimilation" of, other hominin populations (42) . Instead, population substructure implies that such expression reflects the retention of traits inherited from the parental population and could be more prominent in descendants of the southern route dispersal, who are chronologically closer to the parental ancestor. These findings do not imply that dispersing modern people from Africa did not interbreed with other hominin populations but suggest that, at present, other hypotheses also seem to be compatible with the biological evidence.
Conclusions
Considering two independent biological datasets, using a common quantitative evolutionary framework, and using a biogeographical approach, we have tested the primary hypotheses for the modern human out-of-Africa event. Our results are unambiguous in their support of multiple dispersals into Eurasia, with Australians, Papuans, and Melanesians retaining the signal of a southern route dispersal that commenced closer to the temporal boundary of the Middle-Late Pleistocene. Furthermore, these results suggest that models of ancient admixture events with other hominin populations should enclose the South Asian, southern route geographical space and a Late Pleistocene time frameareas that have been largely understudied and where neither Neanderthal nor Denisovan occupation has been confirmed by the fossil record. This study suggests that ancient population substructure, in addition or as an alternative to hominin interbreeding, may contribute to the observed pattern of resemblance between certain modern human populations and other hominins, ultimately generating the structure of extant modern human genetic and phenotypic diversity. Continued field work, alongside rapid advances in modern and ancient genome sequencing, will allow for greater resolution in modeling the spatial and temporal dimensions of modern human origins and dispersals.
Materials and Methods
Genetic Data. We combined SNP data from published datasets for n = 714 individuals and grouped the samples into 10 ethnolinguistically and geographically related populations using the Greenberg language classification (Table 1 and Table S3 ). Using the PLINK 1.07 software (43), we selected only the autosomal SNPs with genotyping success rate >98% and minor allele frequency >0.01. To optimize strand alignment, we also removed from the merged genotype data file the alleles carrying ambiguities in strand flipping, namely, A/T and C/G polymorphisms. Following these quality control procedures, 3,345 SNPs were available for subsequent analysis. For measures of biological distances, we estimated the Weir-Cockerham F st (25) values between pairs of populations ( Table 2) . Each value represents the average of the pairwise F st calculated for each SNP, over all SNPs in the dataset. F st does not by itself provide information on the mechanisms involved in generating the differentiation between populations, namely, parameters of demography, time, and space. Because our objective was to test spatial dispersal scenarios, a measure informative of both demography and time is required to assess the relationship between biological distance and geographical distance. Under neutrality, genetic differences between populations accumulate because of genetic drift, and so their extent, represented by F st , is inversely proportional to N e and directly proportional to the time, T, elapsed since their separation. Therefore, to estimate T from genetic differences between populations, independent estimates of N e are needed. Levels of linkage disequilibrium (LD) also depend on N e and on the recombination rate between the SNPs considered (44) . However, LD between SNPs separated by large distances along the chromosome reflects relatively recent N e , whereas LD over short recombination distances depends on relatively ancient N e (26) . Thus, we estimated LD independently in each population considering the number of polymorphic markers available for that population, which depended on the sequencing platform in which the data were originally typed (Table S3) . For example, ∼54,000 SNPs were used for the Aeta/Agta population and ∼600,000 SNPs were used for the Australian sample. We assigned to each Based on approximations from the references provided, dates (approximate thousands of years before the present) are proposed times of dispersal and colonization within the geographical space of the sampled populations. Simple Mantel test of empirical population distances (F st /P st ) and hypothetical F st distances for each dispersal model. Values are Pearson correlation coefficient, r, rounded to the third digit and two-tailed probability, p, (in parentheses) after 10,000 permutations. Bold type indicates significance after Bonferroni correction (α = 0.01). *P st correlations after removal of outlier EA-NE value (Table 2) . SNP a genetic map position based on the HapMap2 (release 22) recombination data. For each pair of SNPs separated by less than 0.25 cM, we quantified LD as r 2 LD (45) . All of the observed r 2 LD values were then binned into 50 recombination distance classes, from 0.005 to 0.25 cM, with incremental upper boundaries of 0.005 cM. Pairs of SNPs separated by less than 0.005 cM were not considered because at such short distances gene conversion may mimic the effects of recombination (44) . We also adjusted the r 2 LD value for the sample size using r 2 LD − ð1=nÞ (44). We estimated N e for each population in each recombination distance class as Ne = ð1=4cÞ½1=r 2 LD − 2, corresponding to the effective population size 1=2c generations ago, where c is the distance between loci, expressed in Morgans (26, 46, 47) . Finally, the long-term N e for each population was calculated as the harmonic mean of N e over all recombination distance classes up to 0.25 cM. At this point, based on the independently estimated values of N e (Table S2) , we calculated the separation time between populations as T = lnð1 − F st Þ=lnð1 − ð1=2N e ÞÞ (25), expressed in generations (Table S1 ). All procedures were performed with the NeON and 4P software packages developed by the Barbujani laboratory and available online at (www.unife.it/ dipartimento/biologia-evoluzione/ricerca/evoluzione-e-genetica/software). Because our objective was to test competing dispersal models, we did not include parameters of migration or admixture events in these calculations.
Cranial Phenotype Data. We matched the sampled genetic populations with n = 233 modern human (Holocene) crania (Table 1 ), balancing population samples by sex to the extent possible. Crania, housed at the Musée de l'Homme, National Museum of Natural History in Paris, were selected on the basis of adult ontogeny and the absence of bone pathology. Congruence with the genetic populations was assessed first by ethnolinguistic affiliation and second by geographical provenance (Table S3) . Following ref. 19 , a total of 13 anatomical landmarks were collected by H.R.-C. for the right-side temporal bone of each specimen (Dataset S1). Landmarks were collected in the form of 3D coordinate data using a MicroScribe G2X desktop digitizer. Landmark measurement error was tested by digitizing a specimen 10 times across the span of a week and ranged from 0.25 to 1.157 mm, or 0.3-1.35%. All specimens were subjected to generalized Procrustes analysis, which superimposes the specimens following a least-squares procedure that rotates and translates the specimen landmark configurations and scales them to unit centroid size (19, 20, 33, 34) . Because the number of variables (a total of 39 Procrustes shape variables per specimen) exceeded the number of specimens per population, we performed a principal component analysis (PCA) using the MorphoJ 1.05 software (48) and used PC scores to arrive at pairwise P st . By convention, seven degrees of freedom are lost following Procrustes superimposition in three dimensions, accounting for scaling and for translation and rotation along each axis; therefore, a total of 32 PCs were used for arriving at P st . We included in the calculation of P st the parameters of N e (Table S2) derived from the genetic data, as well as the cranial trait heritability value h 2 = 0.23 ascertained for the basicranium in a modern human population (49) . P st calculations were made in the RMET 5.0 software and corrected for sampling bias (50) .
Geographical Data. Geodesic distances, G, were calculated using the PASSaGE 2 software (51), which assumes a spherical terrestrial shape and a radius of 6,379.336847 km. Latitude and longitude coordinates (Table 1) are an approximate centroid for each population, although we placed both African samples at Addis Ababa, Ethiopia to avoid assumptions about internal migrations within the continent. Our control model was calculated using the pairwise geodesic distances between populations, without consideration for geographical barriers (24) . Waypoints were used in the other models to represent the complex geography of hypothetical dispersal routes ( Fig. 1 and Table S4 ). The EE model connects populations by geographical proximity and primarily along a latitudinal axis (10, 12) , with Cairo as a waypoint into Eurasia. The BSD model follows the migration pattern proposed in ref. 7 , following a migration into Eurasia via the southern Arabian Peninsula. A broad MD model represents the hypothesis that Dravidian-speaking Indians, Philippine Aeta/Agta "Negritos," Papuans, Melanesians, and Australians are relic southern route descendants, whereas Indo-European-speaking Indians, Central Asians, and Japanese are descendants of the second dispersal along a northern inland migration route through the Levant (13, 14) . The MDI model assumes the same geographical dispersal scenario as the MD model but considers only Australians, Papuans, and Melanesians as southern route dispersal descendants (8) (Supporting Information, The "Negrito" Hypothesis, Figs. S1-S4, and Table S5 ).
Chronological Data and Hypothetical F st . Per dispersal model, hypothetical divergence values, C, between populations were determined by averaging the estimated dates of expected colonization in their indigenous region (Table 4) . For example, the hypothetical divergence between Australians and Central Asians was at 42.5 ka under the EE model or 47.5 ka under the MDI-MP model. We treated these as T to take advantage of the known relationship between population differentiation and N e . Using the N e values derived from the genomic data, we then calculated hypothetical F st values as F st = 1 − ð1 − ð1=2N e ÞÞ C .
Mantel Tests. When distance matrices (as opposed to paired observations) are considered, the significance of their association can only be evaluated by comparison with an empirical null distribution (i.e., by Mantel tests). Simple Mantel tests were used to explore the correlation of the F st and P st values, because they are expected to be proportional under neutrality and thus display a linear correlation (21) . The phenotypic distance between the Aeta/ Agta (NE) and East African (EA) populations was a clear outlier in our dataset, greater than expected in an otherwise linear relationship between F st and P st values (Table 2 and Fig. S1 ). This demonstrates that these populations are the most phenotypically differentiated when considering the apportionment of variance between populations, and proportionally greater than their genetic differentiation. Given the statistical framework of our study (i.e., Pearson product-moment correlations), we removed this outlier from subsequent analyses. Simple Mantel tests were also used in our second analysis to assess the correlation between the hypothetical F st values and the F st or P st values empirically derived from our datasets. Partial Mantel correlations, estimated from the residuals of a previous correlation, allow one to keep constant the effects of a third matrix over the matrices being compared (23) . The partial Mantel test (Table 3 ) assessed the correlation of the pairwise biological population differentiation values (F st or P st ) against the dispersal models (G), while controlling for population divergence values (T). To assess whether one model could be favored over another when more than one competing model was correlated significantly after Bonferroni correction for multiple model tests, we conducted a DowCheverud test (22, 24) . In all cases, we ran 10,000 permutations to assess correlation significance. The population differentiation matrix (F st or P st ) was permuted before the regression with T. This method is preferred over permuting the rows and columns of the residual matrices (23) . Calculations were made in the PASSaGE 2 software (51).
